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I n  r e c e n t  y e a r s  a  number of t h e o r e t i c a l ,  exper i -  
mental and computational r e sea rch  programs (Refs.  151, 
[81  and [31 f o r  example) have s u b s t a n t i a l l y  inc reased  
our  fundamental unders tanding of the  mechanics of flow- 
ing g ranu la r  m a t e r i a l .  However most of t hese  s t u d i e s  
have concentra ted  on t h e  s imples t  type of flow namely 
t h a t  of uniform s i z e  p a r t i c l e s  i n  t h e  absence of any 
i n t e r s t i t i a l  f l u i d  e f f e c t s  o r  o t h e r  compl icat ing fac-  
t o r s .  The purpose of t he  p resen t  paper i s  t o  
i n v e s t i g a t e  the  e f f e c t s  of i n t e r s t i t i a l  f l u i d .  I n  h i s  
c l a s s i c  s tudy of g ranu la r  f lows Bagnold (1954) observed 
from h i s  Couette f low s t u d i e s  t h a t  v i scous  e f f e c t s  of 
t he  i n t e r s t i t i a l  f l u i d  became s i g n i f i c a n t  when a  number 
(which i s  now termed t h e  Bagnold number. Ba) de f ined  a s  
2 [I1 Ba = pSd 6/pF 
becomes l e s s  than  about 450. Here 6 i s  t he  v e l o c i t y  
gsad ien t  o r  shear  r a t e .  (We have chosen t o  omit from 
the  d e f i n i t i o n  of Ba a  volume f r a c t i o n  parameter which 
i s  u s u a l l y  of o rde r  u n i t y  and i s  t h e r e f o r e  not 
important  q u a l i t a t i v e l y ) .  I n  the  Couette flow experi-  
ments the  a p p r o p r i a t e  shear  r a t e ,  6, i s  c l e a r l y  
de f ined ;  i n  o t h e r  f lows (such a s  t h e  ve ry  p r a c t i c a l  
flow i n  a  hopper) t h e  corresponding c o n d i t i c n  l o r  shear  
r a t e )  i s  not  known. The purpose h e r e  i s  t o  i n v e s t i g a t e  
the  e f f e c t s  of the  i n t e r s t i t i a l  f l u i d  i n  the  p r i m a r i l y  
ex tens iona l  flows which occur i n  the  flow of a  g ranu la r  
m a t e r i a l  i n  a hopper. 
The g ranu la r  m a t e r i a l s  used i n  the  p resen t  exper i -  
ments a r e  l i s t e d  i n  Table  I. A l l  of these  m a t e r i a l s  
have a  f a i r l y  narrow s i z e  d i s t r i b u t i o n .  With the  
excep t ion  of the  Celanex and the  p o l y e s t e r  p a r t i c l e s  
they c o n s i s t  of nea r ly  s p h e r i c a l  p a r t i c l e s .  The 
Celanex partie1'~ss a r e  1oagL1y oylina~ -aeP in shape k c -  
ing  a  c l i m e t a r  approximately equal ,e t b e i r  l eng th .  
The polyester p a r t i c l e s  have a  shape bi tween a  c y l i n d e r  
and a  sphere, 
The f i v e  d i f f e r e n t  conical  hoppers made of sheet  metal 
had the  following dimensions: 
Cone No. Half-angle Exi t  diameter 
e(degs. )  D(cm.) 
1 3 50 3.217 
2 2 So 3 .274 
3 15O 3.111 
4 12.50 2 .888 
5 100 2 .832 
A piece of duct tape was placed over the hopper 
opening p r i o r  t o  the  hopper being f i l l e d  wi th  3000 ccs  
of granular  ma te r i a l  which had been accura te ly  weighed. 
TABLE I. GRANULAR MATERIALS 
Type Mean S p e c i f i c  Remarks 
Diameter Gravi ty  
d  (om.) ps 
A-2 85 0 .292 2 . 5  Spherical  
Glass  Beads 
A-13 5 0 .139  2 . 5  Spherical  
Glass Beads 
BI-B 0.051 2 .5  Spherical  
Glass Beads 
BT- 6 0.026 2 .5  Spherical  
Glass Beads 
P-0280 0 .061 2 .5  Spherical  
Glass Beads 
Lead Shot 0.226 11.3 Spherical  
Polystyrene 0.325 1.036 Close t o  
P l a s t i c  Stock Spherical  
Polyethylene 0.427 0 .98  Spherical  
P l a s t i c  Stock cy 1 indr i o a l  
shape 
Celanex (P.V.C.) 0.272 1.436 Cyl indr ica l  
P l a s t i c  Stock shape 
A stopwatch was s t a r t e d  when the  tape was removed and 
flow began. The time f o r  complete discharge was noted 
and a  mass flow r a t e  ca lcu la ted  from t h i s .  We 
recognize t h a t  although the flow r a t e  remains constant  
dur ing most of the discharge i t  does change s l i g h t l y  a t  
the  end. However the dura t ion  of t h i s  f i n a l  t r a n s i e n t  
was suf f i c i e n t l y  shor t  t h a t  the  measured flow r a t e  must 
be very c lose  t o  the  constant  value exh ib i t ed  during 
the  major i ty  of the discharge.  Furthermore our purpose 
he re  i s  t o  examine changes i n  the  flow r a t e  r a t h e r  than 
the  abso lu te  value and the  s impl ic i ty  of the present  
measurements f a c i l i t a t e d  the  conduct of the  invest iga-  
t ion .  The p r i n c i p a l  l i m i t a t i o n  t o  the  accuracy of the  
r e s u l t s  was the  a b i l i t y  t o  measure the  time of 
discharge by means of the  stopwatch ( f o r  which the  
s c a t t e r  was about +0.05 s e c s ) .  Thus each experiment 
was performed a t  l e a s t  t h r e e  times and usua l ly  f i v e  o r  
more- times. The quoted va lues  use a r i t h m e t i c  means of 
discharge dura t ions  and v e r t i c a l  e r r o r  b a r  on the  
dimensionless flow r a t e s  i s  of the order  of ti%. 
The experiments i n  water  were conducted i n  a  l a rge  
tank of water  with the hopper completely submerged so 
t h a t  the re  was n e g l i g i b l e  r e s i s t a n c e  t o  the  flow of 
water en te r ing  the  top of the hopper a s  i t  i s  displaced 
by the  mate r i a l  leaving the  hopper. The ob jec t  was t o  
e l imina te  a s  f a r  a s  poss ib le  any global  r e l a t i v e  motion 
between the  granular  ma te r i a l  and the  water  i n  t h e  flow 
wi th in  the  hopper. 
S p e c i f i c  measured masses of granular  ma te r i a l  were 
used i n  the  experiment. The volumes of these  masses 
were measured f o r  the  loose ly  packed s t a t e  obtained 
when t h i s  mass was poured i n t o  a  graduated cy l inder .  
This  dens i ty  was used t o  convert the mass flow r a t e  t o  
a  volume flow r a t e  which was, i n  tu rn ,  converted t o  a n  
average discharge v e l o c i t y ,  %, using the  e x i t  a rea  of 
the  hopper. A dimensionless discharge, U, f o r  e i t h e r  
the  experiments i n  a i r  or those i n  water was obtained 
a s  
Th i s  dimensionless discharge i s  cons i s t en t  wi th  t h a t  
which emerges from a l l  of the more recent  t h e o r e t i c a l  
analyses  of granular  ma te r i a l  flows i n  hoppers ( see ,  
f o r  example, r e f .  [21 and 161 ). The f a c t o r  (1 - p /p ) 
F .S  
accounts f o r  the e f f e c t i v e  g r a v i t a t i o n a l  a c c e l e r a t i o n  
i n  the  underwater hopper experiments; i t  i s  c l e a r l y  
un i ty  f o r  the flows i n  a i r .  
3 .  HOPPER now RATES IN AIR 
The dimensionless flow r a t e s  of most of the  
granular  m a t e r i a l s  i n  a i r  a re  p l o t t e d  aga ins t  the  ha l f -  
angle of the hopper i n  f i g u r e  1. They a r e  cons i s t en t  
wi th  previous measurements of flow r a t e s  i n  conical  
hoppers (Refs,  [6 l  .['TI 1 .  They a re  a l s o  q u a l i t a t i v e l y  
cons i s t en t  wi th  the recent  t h e o r e t i c a l  ana lyses  of 
g ranu la r  ma te r i a l  flows i n  hoppers (Refs. 121 and C61). 
We d id  note ,  however, t h a t  the flow r a t e  i s  q u i t e  
s e n s i t i v e  t o  the  geometry of the  hopper e x i t .  Thas t h e  
flow v a r i a t i o n  from hopper t o  hopper may represent  not 
only a  func t iona l  dependence on the  hopper half -angle  
but  a l s o  minor d i f fe rences  i n  t h e  e x i t  geometries. 
However, s ince the primary purpose of the p resen t  
i n v e s t i g a t i o n  i s  t o  compare flow r a t e s  f o r  d i f f e r e n t  
m a t e r i a l s ,  d i f f e r e n t  mixtures and d i f f e r e n t  i n t e r s t i -  
t i a l  f l u i d s  we w i l l  not dwell on t h i s  s e n s i t i v i t y  t o  
hopper e x i t  geometry except t o  s t a t e  t h a t  care  was 
taken not t o  a l t e r  or damage t h i s  e x i t  geometry dur ing 
t h e  experiments. 
Figure  1 .  
HOPPER HALF-ANGL.5. ' 0  
Dimensionless hopper flow r a t e s  of the  
granular  m a t e r i a l s  i n  a i r  ,presented a s  a  
func t ion  of the  hopper half-angle.  
The d i f f e r e n c e s  wi th  ma te r i a l  exh ib i t ed  i n  Figure  
1 r e p r e s e n t  two sepa ra te  ef f e c t s ,  namely the  dependence 
of t h e  flow r a t e  on the  r a t i o  of e x i t  diameter t o  
p a r t i c l e  diameter,  Dld, and the  dependence on t h e  f r i c -  
t i o n a l  p r o p e r t i e s  of the  ma te r i a l .  The four  s i z e s  of 
g l a s s  beads have s i m i l a r  f r i c t i o n a l  p r o p e r t i e s  and 
hence the  d i f f e r e n c e s  be tween t h e  four  upper cufves a r e  
probably due t o  d i f f e r e n c e s  i n  the  diameter r a t i o .  To 
i l l u s t r a t e  t h i s  the  flow r a t e s  f o r  the  150 cone a r e  
p l o t t e d  ve r sus  diameter r a t i o  i n  Figure  2 .  This  
e x h i b i t s  a  somewhat s i m i l a r  kind of asymptotic 
behaviour observed by Nguyen e t  a 1  (Ref. 6 ) ;  namely 
t h a t  f o r  s u f f i c i e n t l y  l a rge  diameter r a t i o s  t h e  flow 
r a t e  i s  independent of t h e  diameter r a t i o .  However 
Nguyen's experiments were conducted wi th  d i f f e r e n t  
hovver ooenings r a t h e r  than d i f f e r e n t  s i zed  p a r t i c l e s  
and they suggested l i t t l e  change wi th  flow r a t e  above a  
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Figure  2 .  Dimensionless discharge from the  150 oone a s  
a  f u n c t i o n  of t h e  r a t i o  of hopper e x i t  diam- 
e t e r  t o  p a r t i c l e  diameter f o r  four  types  of 
g l a s s  beads ( i n  a i r ) .  
d iameter  r a t i o  of 30. We a r e  i n c l i n e d  t o  b e l i e v e  t h a t  
t h i s  i s  s t i l l  an appropr ia t e  value; the  d i f f e r e n c e s  
between t h e  BT-6 and BI-B flow r a t e s  i n  Figure  2 a r e  
more l i k e l y  due t o  d i f f e r e n t  f r i c t i o n a l  p r o p e r t i e s  than  
t o  diameter r a t i o  e f f e c t s .  The BI-B g l a s s  beads a r e  
somewhat more i r r e g u l a r  i n  shape and s i z e  than t h e  BT-6 
g l a s s  beads and t h e r e f o r e  the  former i s  expected t o  
have somewhat g r e a t e r  f r i c t i o n a l  p roper t i e s .  
The remaining d i f f e r e n c e s  i n  Figure  1. a r e  due t o  
d i f f e r e n c e s  i n  the  f r i c t i o n a l  p r o p e r t i e s  of t h e  materi-  
a l s .  We r e f e r  not only t o  t h e  i n t e r n a l  f r i c t i o n  
between p a r t i c l e s  but a l s o  t o  t h e  f r i c t i o n  between t h e  
p a r t i c l e s  and the  hopper wa l l s .  The ha rde r  m a t e r i a l s  
( g l a s s  beads and l ead  sho t )  y i e l d  flow r a t e s  which a r e  
i n  f a i r l y  good agreement wi th  each o the r  ( t h e  l ead  shot  
i s  s i m i l a r  i n  s i z e  t o  t h e  A285 g l a s s  beads)  d e s p i t e  
s u b s t a n t i a l  d i f f e r e n c e s  i n  ma te r i a l  dens i ty .  On the  
o t h e r  hand t h e  s o f t e r  p l a s t i c s  e x h i b i t  s u b s t a n t i a l l y  
reduced flow ra te s .  Note t h a t  the  non-spherical shape 
examination of the  e f f e c t  of the  r a t i o  of the  diameters 
of the  p a r t i c l e s .  Typical  r e s u l t s  f o r  the  l S O  cone a r e  
presented i n  Figure  3. The s u r p r i s i n g  f e a t u r e  of these  
r e s u l t s  i s  t h a t  mixtures  of p a r t i c l e s  having substan- 
t i a l l y  d i f f e r e n t  d iameters  e x h i b i t  a  g r e a t e r  flow r a t e  
f o r  c e r t a i n  in te rmed ia te  mass f r a c t i o n s  than i s  
e x h i b i t e d  by e i t h e r  of the  g ranu la r  m a t e r i a l s  t e s t e d  
a lone.  This  e f f e c t  i s  g r e a t e s t  f o r  the  mixtures  
cha rac te r i zed  by the  g r e a t e s t  r a t i o  of p a r t i c l e  diame- 
t e r s  (11.1) ;  on t h e  o t h e r  hand t h e  mixture  wi th  a 
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Figure  3 .  Dimensionless d i scha rge  ( i n  a i r )  f o r  
d i f f e r e n t  mixtures  of g l a s s  beads a s  a  func- 
t i o n  of the  mass f r a c t i o n  of the  smal ler  
beads. p.  T e s t s  i n  t h e  l S O  cone. 
p a r t i c l e  diameter r a t i o  of 2.7 e x h i b i t s  a  v a r i a t i o n  
wi th  mass f r a c t i o n  which i s  c lose  t o  monotonic. Though 
only r e s u l t s  f o r  the  l S O  oone a r e  shown i n  Figure  3, 
s i m i l a r  r e s u l t s  were obta ined f o r  the  o t h e r  hoppers. 
' h i s  phenomenon was not only unexpected but i s  
d i f f i c u l t  t o  exp la in .  It c l e a r l y  i n d i c a t e s  t h a t  the  
mixtures  have smal ler  f r i c t i o n  ang les  than  e i t h e r  of 
t h e  cons t i tuen t s .  Th i s  i s  con t ra ry  t o  t h e  common 
b e l i e f  t h a t  the  presence of d i f f e r e n t  s i z e s  causes  a  
g r e a t e r  degree of i n t e r l o c k i n g  of p a r t i c l e s  and there- 
f o r e  l a r g e r  f r i c t i o n  angles; It should a l s o  be 
s t r e s s e d  t h a t  Figure  3 p r e s e n t s  d imensionless  volnme 
flow r a t e s .  It might be a n t i c i p a t e d  t h a t  peaks i n  t h e  
mass flow r a t e s  would r e s u l t  from higher  maximum s o l i d  
f r a c t i o n s  f o r  the  mixtures  than  f o r  the  c o n s t i t u e n t s  
alone. Such an e f f e c t  was indeed observed i n  our meas- 
urements of the  s t a t i c  s o l i d  f r a c t i o n s  of t h e  mixtures  
and might be expected t o  r e s u l t  i n  peaks i n  t h e  mass 
flow r a t e s .  The phenomena observed h e r e  i s  a n  e f f e c t  
on the  volnme flow r a t e ;  t h e  mass flow r a t e s  e x h i b i t  
even l a r g e r  peaks. 
of the  celanex does not appear t o  y i e l d  a  l a r g s  e f f e c t  
on t h e  flow r a t e .  5. HOPPER I%OW RATES IN WATER; INTERSTITIAL n U I D  
EFFECI'S 
4. HOPPER now RATES IN AIR; MIXTURES Typical  d imensionless  flow r a t e s  i n  water  a r e  
H~~~~~ flow rates of mixtnies of two d i f f e r e n t  p resen ted  i n  Figure  4 which should be compared wi th  the  
s i z e s  of g l a s s  beads were a l s o  measured over  the  f u l l  Of Figure Note that the rates for  some 
range of mass fractions and yielded some m a t e r i a l s  such a s  l e a d  sho t  a r e  the  same i n  water  a s  i n  
resnlts. Various of glass beads allowed a i r  implying t h a t  the  v i scous  e f f e c t s  of the  i n t e r s t i -  
t i a l  f l u i d  a r e  inconsequent ia l  i n  those flows. On t h e  
o t h e r  hand t h e  flow r a t e s  of o the r  m a t e r i a l s  a r e  
s u b s t a n t i a l l y  d i f f e r e n t  ( f o r  example the  BT-6 g l a s s  
beads ) .  
I n  o rde r  t o  examine f u r t h e r  the  i n t e r s t i t i a l  f l n i d  
e f f e c t ,  t h e  r a t i o  of the  dimensionless  flow r a t e  i n  
water  t o  t h a t  i n  a i r  i s  p l o t t e d  i n  Figure  5 aga ins t  an 
appropr ia t e  Bagnold number a s  def ined by Equation (1). 
o - ' ~  I b o  2'0- 2'59 go. 
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Figure  4. Dimensionless hopper flow r a t e s  under water.  
We have assumed t h a t  the appropr ia te  v e l o c i t y  g r a d i e n t ,  
6, i s  t h a t  i n  the  d i r e c t i o n  of flow a t  the  hopper e x i t  
s ince  i t  i s  t h i s  ex tens iona l  deformation which 
dominates hopper flows. I n  the  i n t e r i o r  of t h e  hopper 
near the  discharge the  v e l o c i t y ,  a ,  w i l l  wi th  
r a d i a l  p o s i t i o n ,  r, according t o  u  = %(rglr;'?and i t  
fo l lows  t h a t  
6 =(&) dr r=r = 4 uE s i n  BID 
E 
The r a t i o s  of d imensionless  flow r a t e s  i n  water  and a i r  
a r e  p l o t t e d  i n  Figure  5 aga ins t  a  Bagnold number, Ba, 
which uses  t h i s  express ion  f o r  6 .  I n  t h e  au thors  opin- 
ion  i t  i s  remarkable t h a t  a l l  of t h i s  da ta  c l o s e l y  
d e f i n e s  a  s i n g l e  curve which asymptotes t o  u n i t y  a t  a  
valne  of Ba of the  order  of 500. I n  o t h e r  words a  
value  e s s e n t i a l l y  t h e  same a s  t h a t  noted by Bagnold 
( i . e .  450). For each m a t e r i a l ,  da ta  f o r  each of the  
hoppers i s  shown connected by a  l i n e  and i t  would 
appear t h a t  the  v a r 2 a t i o n  from hopper t o  hopper i s  
cons i s t en t  wi th  the  v a r i a t i o n  from mate r i a l  t o  
m a t e r i a l .  
Thus the  present  da ta  confirms Bagnolds conclusion 
t h a t  the  i n t e r s t i t i a l  f l u i d  e f f e c t s  a r e  determined by 
an a p p r o p r i a t e l y  chosen Bagnold u m b e r  and t h a t  the  
valne  of the  Bagnold nmnber above which the  v i scous  
e f f e c t s  of the  i n t e r s t i t i a l  f l n i d  a r e  n e g l i g i b l e  i s  
about 500. As a  p o s t s c r i p t  we note t h a t  the  f lows of 
the  BT-6 g l a s s  beads i n  a i r  have Bagnold numbers i n  t h e  
range 150 + 350 and t h e r e f o r e  a r e  subject  t o  some 
small  i n t e r s t i t i a l  f l u i d  e f f e c t s .  A l l  t h e  o the r  f lows 
i n  a i r  have Bagnold numbers considerably  g r e a t e r  than 
t h e  c r i t i c a l .  
F i n a l l y  a  s e t  of mixtures  of A285 and BT-6 g l a s s  
beads were a l s o  t e s t e d  underwater i n  t h e  15O cone and 
t h e  r e s u l t s  a r e  presented i n  Figure 6 .  Though the  of 
A285 and BT-6 g l a s s  beads. ( t e s t s  i n  the  lSO cone) 
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Figure  5. The r a t i o  of t h e  dimensionless  flow r a t e  i n  water  t o  t h a t  i n  a i r  p l o t t e d  a s  a  f u n c t i o n  of Bagnold 
number, Ba, f o r  t h e  f lows i n  water .  For a given m a t e r i a l ,  t h e  da te  from ind iv idua l  hoppers a r e  
connected by l i n e s .  Also shown a r e  t h e  c r i t i c a l  Bagnold number and t h e  ranges  of Bagnold number f o r  t h e  
t e s t  of BT-6 and PO280 g l a s s  beads i n  a i r .  
Figure  6. 
0. i 
MASS FRACTION OF SFIIALLER BEADS, 5 
The dimensionless discharge i n  water  and t h e  
r a t i o  of t h i s  t o  t h e  dimensionless  discharge 
i n  a i r  f o r  va r ious  mixtures  of A285 and BT-6 
g l a s s  beads. ( t e s t s  i n  the  IS0 cone) 
cu rves  have an upwardly convex curva tu re  s i m i l a r  t o  t h e  
r e s u l t s  i n  Figure 3 ,  i t  i s  c l e a r  t h a t  the  v a r i a t i o n  
wi th  mass f r a c t i o n ,  $, i s  dominated by an inc rease  i n  
t h e  i n t e r s t i t i a l  f l u i d  e f f e c t s  wi th  inc reas ing  $. From 
a p r a c t i c a l  po in t  of view i t  would be va luab le  t o  h o w  
how t o  extend the  Bagnold number c r i t e r i o n  t o  mixtures  
of d i f f e r e n t  s i z e s  of p a r t i c l e s .  To do so would 
r e q u i r e  the  d e f i n i t i o n  of some e f f e c t i v e  p a r t i c l e  diam- 
e t e r  f o r  use i n  t h e  Bagnold number. Using F igures  5  
and 6  it  i s  poss ib le  t o  speculate  on t h e  appropr ia t e  
e f f e c t i v e  p a r t i c l e  diameter.  For example a t  $ = 0.8 
s ince  the  dimensionless discharge r a t i o  i s  0.45 t h e  
e f f e c t i v e  Bagnold number from F igure  5  i s  about 5.5 and 
t h e  e f f e c t i v e  p a r t i c l e  diameter c a l c u l a t e d  from t h i s  i s  
0.063 cm. The cons t i tuen t  p a r t i c l e  diameters  being 
0.292 and 0.026 crn it i s  c l e a r  t h a t  the  e f f e c t i v e  diam- 
e t e r  i s  not a  mass-weighted mean ( . I 7 1  cm a t  $ = 0.8) 
b u t  i s  c lose r  t o  simple l inear ly-weighted mean diameter 
(0 .292(1 - $ )  + 0.0268 = 0.058 cm a t  $ = 0.8).  
It has  been demonstrated exper imental ly  t h a t  the  
e f f e c t  of the  i n t e r s t i t i a l  f l u i d  on t h e  flow of a  
g r a n u l a r  ma te r i a l  i n  a  conical  hopper i s  governed by 
t h e  magnitude of a  Bagnold number, Ba, de f ined  a s  
Ba = p d2S/ a r e  r e s p e c t i v e l y  t h e  diameter  
s o l i d  p a r t i c l e s  and i s t h e  and d g n s i t p  :Fr:h:9Ps 
v i s c o s i t y  of the  i n t e r s t i t i a l  f lu id .  The q u a n B t y ,  5 .  
i s  a  v e l o c i t y  g rad ien t  which i n  t h e  case of a  shear  
flow i s  simply the  shear r a t e .  However i n  t h e  
p r i m a r i l y  extensional  flow i n  a  hopper the  appropr ia t e  
S i s  t h e  maximum v e l o o i t y  g rad ien t  i n  t h e  d i r e c t i o n  of 
flow a s  given by Equation (3 ) .  It i s  demonstrated t h a t  
f o r  f i v e  d i f f e r e n t  hoppers and nine  d i f f e r e n t  g ranu la r  
m a t e r i a l s  the  e f f e c t  of the i n t e r s t i t i a l  f l u i d  on t h e  
flow r a t e  c o r r e l a t e s  wi th  the  Bagnold number def ined i n  
t h i s  way. Furthermore, t h e  c r i t i c a l  value of Ba above 
which the i n t e r s t i t i a l  f l u i d  e f f e c t  i s  n e g l i g i b l e  i s  
about 500, a  value i d e n t i c a l  wi th  the  c r i t i c a l  Ba 
Data on t h e  flow r a t e s  f o r  mixtures  of t w o  
d i f f e r e n t  s i z e s  of p a r t i c l e s  i s  a l s o  presented.  This 
e x h i b i t s  the  s u r p r i s i n g  f  e a t u r e  t h a t  the  volume flon 
r a t e  f o r  the  mixture  can be l a r g e r  than t h a t  f o r  e i the r  
of the  c o n s t i t u e n t s ;  t h e  peak i s  more pronounced the 
l a r g e r  the  r a t i o  of the  p a r t i c l e  diameters  of the 
c o n s t i t u e n t s .  I n s t e r s t i t i a l  f l u i d  e f f e c t s  on these 
mix tu res  a r e  a l s o  i n v e s t i g a t e d  and i t  i s  demonstrated 
t h a t  the  appropr ia t e  s i z e ,  d,  f o r  use i n  de f in ing  Ba 
i s  a  mean diameter l i n e a r l y -  weighted according t o  the  
mass f r a c t i o n s  of the  cons t i tuen t s .  
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